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with lanthanide complexes based on visible-light sensitization†
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and Hongjie Zhang*b
Received 12th October 2011, Accepted 6th January 2012
DOI: 10.1039/c2jm15158hA new periodic mesoporous organosilica material (named as bpd-PMO) was synthesized through co-
condensation of bis(triethoxysilyl)ethane (BTEE) and a synthesized silsesquioxane precursor 4,40-bis
[Si(OEt)3(CH2)4]-2,2
0-bipyridine (bpd-Si) in the presence of cetyltrimethylammonium bromide (CTAB)
surfactant as template. Subsequently, three near-infrared (NIR) luminescent PMO hybrid materials
(named as Ln(dbm)3bpd-PMO, Ln ¼ Er, Nd, Yb) covalently linked with lanthanide complexes were
successfully prepared via a ligand exchange reaction. The materials were characterized by XRD, N2
adsorption–desorption isotherms, SEM, and fluorescence spectra, and the corresponding luminescent
decay analyses were recorded. Of importance here is that the excitation spectra of the Ln(dbm)3bpd-
PMO extend to the visible-light range. Following the visible-light excitation, the Ln(dbm)3bpd-PMO
materials show the characteristic NIR-luminescence of the corresponding Ln3+ ions. The good NIR-
luminescence properties of the Ln(dbm)3bpd-PMO with the visible-light excitation would extend the
potential applications of the PMO matrix to the NIR optical field.1. Introduction
Rare earths are becoming vital to a wealth of advanced optical
materials and technologies1,2 and those involving near-infrared
(NIR) luminescence have received growing interest in view of
exciting applications in telecommunications3 and associated
lasers and LED/OLED devices,4 as well as in bio-sciences,5 etc.
The ability of Yb3+, Er3+ and Nd3+ ions to emit in the NIR region
makes them popular ions for potential applications in various
optical and medical devices.6–14
However, for these lanthanide ions, the absorption coefficients
are normally very low (3 z 1–10 M1 cm1) due to the parity-
forbidden nature of the f–f transitions.15 Therefore, chromo-
phores are often employed to transfer the absorbed energy effi-
ciently to the lanthanide ions (the ‘‘antenna effect’’) to enhance
their emissions.16 Interestingly, lanthanide complexes with
organic ligands have more efficient absorption coefficients and
energy transfer between ligands and lanthanide ions, which have
shown wide applications in many fields.17–19 Considering theiraResearch Center of Nano Science and Technology, Shanghai University,
Shanghai, 200444, P. R. China. E-mail: lnsun@shu.edu.cn; shiliyi@shu.
edu.cn
bState Key Laboratory of Rare Earth Resource Utilization, Changchun
Institute of Applied Chemistry, Chinese Academy of Sciences,
Changchun, 130022, P. R. China. E-mail: hongjie@ciac.jl.cn
† Electronic supplementary information (ESI) available: Molecular
structure of the dual-functional ligand bpd-Si. N2
adsorption–desorption isotherms of Ln(dbm)3bpd-PMO, and the
luminescence decay of the Ln(dbm)3bpd-PMO (Ln ¼ Er, Nd, Yb). See
DOI: 10.1039/c2jm15158h
This journal is ª The Royal Society of Chemistry 2012relatively low chemical, optical, and thermal stabilities, lantha-
nide complexes have been excluded so far from practical appli-
cations. They were usually applied by introducing into a host
matrix, including silica-based materials,20–23 polymers,24,25 and
liquid crystals,26–28 to form ‘‘organic–inorganic hybrid
materials’’.
The discovery of ordered mesoporous M41S silica in 1992 was
a major breakthrough in the efforts to extend the pore sizes of the
long-established microporous zeolites.29,30 With regard to
potential applications, such as in catalysis, adsorption, chroma-
tography, and chemical sensing, considerable effort was spent on
modifying the mesoporous silica frameworks of the M41S phases
with organic functional groups. In general, this was realized by
employing two pathways: by subsequent attachment of organic
components onto a pure silica matrix (grafting), and by simul-
taneous reaction of tetraalkoxysilanes and terminal organo-
trialkoxysilanes (co-condensation, one-pot synthesis) in the
presence of supramolecular structure-directing agents.31,32 While
it was possible to modify the frameworks with a wide variety of
organic groups, it should be noted that both pathways have their
limitations, for instance, pore blocking, limited loading, or
inhomogeneous distributions of the organic functional groups.
These problems were overcome successfully when the synthesis
of a new class of mesoporous organic–inorganic hybrid materials
was developed,33–35 called periodic mesoporous organosilicas
(PMOs), which possess organic functionalities directly incorpo-
rated into the pore wall framework. This was realized by the
condensation of bridged organosilica precursors of the type
(R0O)3–Si–R–Si–(OR0)3 with R0 being methoxy or ethoxy groupsJ. Mater. Chem., 2012, 22, 5121–5127 | 5121
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View Article Onlineand R being any organic bridge. In comparison with organic
functionalized mesoporous silica phases obtained via grafting or
co-condensation procedures, the organic groups in PMOs are
direct parts of the 3D framework structure, giving rise to enor-
mous possibilities to tune their chemical and physical properties
in designated ways by varying the structure of the precursors.36
Binnemans et al. have done important work and recently gave
a very extensive overview of the different types of lanthanide-
based hybrid materials and compared their respective advantages
and disadvantages.37,38 Furthermore, Carlos et al. lately gave
a review on the lanthanide-containing light-emitting organic–
inorganic hybrids.39 Also, Yan et al. presently concentrated on
covalently grafting the ligands to the inorganic networks in
which lanthanide complexes luminescent centers are bonded with
the siloxane matrix through Si–O linkage.40–42 Mesostructured
materials offer the rigidity and photostability, and at the same
time have a well-defined hydrophilic/hydrophobic phase sepa-
ration allowing for more sophisticated tuning of the lanthanide
complex microenvironment.43 It is shown that the promising
luminescent properties could be obtained by linking the binary or
ternary lanthanide complexes to the mesoporous materials, and
our previous studies mainly focused on the SBA-15 and MCM-
41 mesoporous materials covalently bonded with the lanthanide
complexes.43,44 In comparison with these conventional meso-
porous silica materials using TEOS as one of the precursor,
PMOs materials using 1,2-bis(triethoxysilyl)ethane (BTEE) as
one of the precursors present better aging, hydrothermal and
mechanical stabilities as well as uniform distribution of organic
and inorganic moieties at the molecular level within the frame-
work, which was expected to open a wide range of new and
exciting opportunities for designing functional materials and
makes them more promising as candidates in the fields of
advanced adsorption, optics, catalysis, and so on.45
PMOs with various kinds of bridging organic groups have
been achieved, such as methane, ethylene, acetylene, butene,
phenylene, 4-phenyl ether and ferrocene, et al.46–51 However,
PMOs based on silsesquioxane precursors with organic ligands
and their applications in the field of lanthanide luminescence
have been less well studied.45,52 The lanthanide complexes are
mainly limited to the Eu(III) and Tb(III) complexes. Normally, the
materials containing the lanthanide derivatives can be excited by
ultraviolet light. Thus, the challenge remains for materials to be
excited with visible light, which is advantageous over ultraviolet-
excitable materials.53 To the best of our knowledge, the PMO
materials with NIR-luminescent properties following the exci-
tation with visible-light through the modified 2,20-bipyridine
have not been reported in the open literature so far.
In the present work, we expanded the visible luminescent PMO
materials to NIR luminescent PMOs by covalently linking
lanthanide complexes to extend the applications of the PMO
matrix in the NIR optical area. First, a new PMO material (bpd-
PMO) through co-condensation of BTEE and a synthesized sil-
sesquioxane precursor 4,40-bis[Si(OEt)3(CH2)4]-2,20-bipyridine
(bpd-Si) in the presence of cetyltrimethylammonium bromide
(CTAB) surfactant as template has been prepared in the basic
medium. Subsequently, the NIR luminescent PMO hybrid
materials (designated as Ln(dbm)3bpd-PMO, Ln ¼ Er, Nd, Yb)
covalently grafted with lanthanide complex Ln(dbm)3bpd were
successfully synthesized. The structures, patterns and the NIR5122 | J. Mater. Chem., 2012, 22, 5121–5127luminescent properties of the resulting PMO hybrid materials
were investigated and discussed in detail.
2. Experimental
2.1. Materials
Tetraethoxysilane (TEOS, Aldrich), lithium diisopropylamine
(LDA, Aldrich), 4,40-dimethyl-2,20-bipyridine (Aldrich), 1,
2-bis(triethoxysilyl)ethane (BTEE, Aldrich), cetyltrimethy-
lammonium bromide (CTAB, Aldrich), Cl(CH2)3Si(OEt)3
(Aldrich). Solvents (THF, ethanol and diethyl ether) were dried
before they were used. Ytterbium oxide (Yb2O3, 99.99%),
neodymium oxide (Nd2O3, 99.99%), and erbium oxide (Er2O3,
99.99%) were purchased from Yue Long Chemical Plant
(Shanghai, China).
LnCl3 (Ln ¼ Er, Yb, Nd) ethanol solution (EtOH) was
prepared as follows: Ln2O3 was dissolved in concentrated
hydrochloric acid (HCl) and the surplus HCl was removed by
evaporation. The residue was dissolved with anhydrous ethanol,
and the concentration of the lanthanide ion was measured by
titration with a standard EDTA (ethylenediaminetetraacetic
acid) aqueous solution.
2.2. Synthesis of 4,40-bis[Si(OEt)3(CH2)4]-2,20-bipyridine
(named as bpd-Si)
The synthesis procedure was according to the procedure
described in the literature with some minor modification.54 The
LDA (16.32 mmol, 8.16 mL) was added drop by drop to a solu-
tion of 4,40-dimethyl-2,20-bipyridine (1.5 g, 8.16 mmol) in THF
(40 mL) which was cooled to 20 C. After 2 h, 4 mL of
Cl(CH2)3Si(OEt)3 was added by injector and under stirring in
a nitrogen atmosphere for 24 h. Then, the solvent was distilled off
under reduced pressure, yielding the main product, alkoxysilane
modified 2,20-bipyridine: a pale rose solid (bpd-Si). It was dried
under vacuum at room temperature for several hours. In this
step, the product would not be washed, since the alkoxysilane
modified product is easily hydrolytic. NMR (CDCl3, d): 8.55
(2H, d), 8.19 (2H, s), 7.13 (2H, d), 2.68 (4H, t), 1.71 (4H, m), 1.50
(4H, m), 0.72 (4H, t), 3.77 (12H, q), 1.20 (18H, t).
2.3. Synthesis of 2,20-bipyridine-functionalized PMO material
(named as bpd-PMO)
The synthesis procedure was similar to the previous publication
with some modification.55 CTAB (1.04 g) and NaOH (0.472 g)
was dissolved in the deionized water (31.8 mL), and then
a mixture of BTEE (1.8 mL) and bpd-Si (0.148 g) was added into
the solution slowly, with the following molar composition: 1.0
(BTEE + bpd-Si) : 0.57 CTAB : 2.36 NaOH : 353 H2O. The
mixture was stirred at room temperature for 24 h and transferred
into a Teflon-lined stainless steel autoclave, which was then
heated at 95 C for 24 h. The solid product was collected by
filtration, washed thoroughly using deionized water, ethanol,
and diethyl ether, and dried for 12 h at 60 C. The surfactant was
removed by acid/solvent extraction, using a solution of 400 mL
of ethanol and 7.3 mL of aqueous HCl (37%) per 5 g of sample.
This mixture was refluxed for 6 h, then filtered. Then the sample
was soaked in an appropriate amount of ethanol and heated atThis journal is ª The Royal Society of Chemistry 2012
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View Article Online40 C for 15 min, and filtered. After 3 times, the sample was
washed three times with 20 mL aliquots of diethyl ether to
remove the impurities in the synthesis of bpd-Si.
2.4. Synthesis of PMO material covalently grafting with
Ln(dbm)3bpd ternary complex (named as Ln(dbm)3bpd-PMO,
Ln ¼ Er, Yb, Nd)
Binary lanthanide complexes Ln(dbm)3(H2O)2 (Ln ¼ Er, Yb,
Nd) were synthesized by using the methods in the literature.43 A
certain amount of Ln(dbm)3(H2O)2 was dissolved in ethanol,
then bpd-PMO was added into the above solution, where the
molar ratio of Ln(dbm)3(H2O)2 : bpd-PMO ¼ 6 : 1. The mixture
was stirred for 6 h under reflux, followed by filtration and
extensive washing with acetone to remove the excess of
Ln(dbm)3(H2O)2. In this way, Ln(dbm)3bpd is formed and the
complex is attached to the PMO material. The resulting samples
were dried at 60 C under vacuum for 12 h and denoted as
Ln(dbm)3bpd-PMO, which was outlined in Scheme 1. According
to the literature,25 we propose the possible coordination struc-
tures of the Ln3+ ions in Ln(dbm)3bpd-PMO materials, which
were also charted in Scheme 1.
2.5. Characterization
Small-angle powder X-ray diffraction (PXRD) patterns were
recorded with a Rigaku-Dmax 2500 diffractometer using Cu-Ka
radiation (40 kV, 200 mA) at a step width of 0.01. Nitrogen (N2)
adsorption–desorption isotherms were measured by using
a Nova l000 analyzer with nitrogen. The samples were outgassed
for 4 h at 120 C before the measurements. Surface areas were
calculated by the Brunauer–Emmett–Teller (BET) method and
pore sizes by the Barrett–Joyner–Halenda (BJH) methods. The
morphologies of the bpd-PMO and Ln(dbm)3bpd-PMO mate-
rials were characterized by field emission scanning electron
microscopy (FE-SEM) and all of the samples for the FE-SEM
characterization were prepared by directly transferring the sus-
pended products to the ITO glass slide. FE-SEM analysis was
performed on a Philips XL-30 field-emission scanning electronScheme 1 Schematic illustration of the Ln(dbm)3bpd-PMO (Ln ¼ Er,
Yb, Nd) materials. Large white circles denote ordered mesopores. Black
dots represent bpd-Si bridging groups incorporated into the silica
framework.
This journal is ª The Royal Society of Chemistry 2012microscope operated at 15 kV. The excitation and emission
spectra of Ln(dbm)3bpd-PMO (Ln ¼ Er, Yb, Nd) were recorded
by a HORIBA Jobin Yvon FluoroLog-3 spectrofluorometer
equipped with a 450 W Xe-lamp as an excitation source and
a monochromator iHR320 equipped with a liquid-nitrogen-
cooled R5509-72 PMT as a detector. The time-resolved
measurements, were done by using the third harmonic (355 nm)
of a Spectra-physics Nd:YAG laser with a 5 ns pulse width and 5
mJ of energy per pulse as the source, and the NIR emission lines
were dispersed by a HORIBA Jobin Yvon emission mono-
chromator iHR320 equipped with liquid-nitrogen-cooled R5509-
72 PMT, and the data were analyzed with a LeCroy WaveR-
unner 6100 1GHz Oscilloscope.3. Results and discussion
3.1. Bpd-functionalized parent material (bpd-PMO)
2,20-Bipyridine (bpd) and 1,10-phenanthroline (phen) are
widely used as the second ligand in the lanthanide complexes
and absorb the excitation light with the first ligands followed
by transferring the energy to the central lanthanide ions. The
lanthanide complexes coupled to the host matrix via covalently
bonded groups have been well studied through phen-function-
alized organosilane. However, the lanthanide derivatives
covalently bonded to the host matrix via the modified bpd
ligand is not well investigated. To covalently attach the
lanthanide complexes with the bpd as the second ligand to the
PMO materials, it is key to design a bpd-functionalized orga-
nosilane, bpd-Si, which can provide the double function of
coordinating to the lanthanide ions and acting as an organo-
silane precursor to synthesize the PMO material. By modifying
the bpd, we synthesized the dual-functional ligand, bpd-Si
(Fig. S1†).
In addition, it should be noticed the role of the bpd-Si
organosilane during the co-assembly process and its concen-
tration effect on the pore structure. The increase in bpd-Si
concentration will result in the reduction of diffraction inten-
sity, or the disordered structure for PMO material. The lower
loading of bpd-Si functionality will be followed with a rela-
tively decreasing amount of the lanthanide complexes coupled
to the functionalized PMO frameworks, leading to the reduc-
tion of their luminescent intensities. Based on our previous
report on mesoporous and PMO materials linked with
lanthanide complexes,43,45 the molar ratio [bpd-Si/(BTEE +
bpd-Si) ¼ 0.04] was employed to synthesize bpd-PMO with
a high loading of functionality yet a good mesostructure. The
preservation of the chelate ligand structure (bpd-Si) during the
hydrothermal syntheses and the template extraction processes
for bpd-PMO material was confirmed by Fourier transform
infrared (FT-IR) and 29Si MAS NMR spectroscopies, as we
reported previously.56
PXRD measurements can be served to characterize the meso-
structured materials. Fig. 1 displays the PXRD pattern for the
surfactant-extracted bpd-PMO in the 2q range of 1–7. The
Bragg peak indexed as (100) is observed in Fig. 1, which indicates
the highly ordered two-dimensional (2D) hexagonal symmetry.57
The microscopic morphology of surfactant-extracted bpd-PMO
material can be clearly observed in SEM image (see Fig. 2a)J. Mater. Chem., 2012, 22, 5121–5127 | 5123
Fig. 1 Low-angle XRD pattern of surfactant-extracted bpd-PMO.
Fig. 2 SEM images of surfactant-extracted bpd-PMO (a), Er(dbm)3bpd-
PMO (b), Yb(dbm)3bpd-PMO (c), Nd(dbm)3bpd-PMO (d).
Fig. 3 Low-angle XRD patterns of Er(dbm)3bpd-PMO (a),
Yb(dbm)3bpd-PMO (b), Nd(dbm)3bpd-PMO (c).
Fig. 4 Normalized excitation (lem ¼ 1533 nm) and emission spectra
(lexc ¼ 401 nm) of Er(dbm)3bpd-PMO in solid at room temperature.
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View Article Online3.2. Ln(dbm)3bpd-functionalized PMO materials
[Ln(dbm)3bpd-PMO, Ln ¼ Er, Yb, Nd]
The PXRD analyses of Ln(dbm)3bpd-PMO (Ln ¼ Er, Yb, Nd)
are displayed in Fig. 3. A strong (100) reflection was observed,
which indicates that Ln(dbm)3bpd-PMO materials still preserve
the typical XRD patterns of highly ordered 2D hexagonal
symmetry very well and the hexagonal mesostructure of
Ln(dbm)3bpd-PMO has been maintained upon the introduction
of Ln(dbm)3(H2O)2.
The pore structures of the Ln(dbm)3bpd-PMO are further
determined by the N2 adsorption–desorption measurement
which is a popular and efficient method to characterize highly
ordered mesoporous host/guest hybrid materials. The N2
adsorption–desorption isotherms of the Ln(dbm)3bpd-PMO
materials are illustrated in Fig. S2.† All samples exhibit type IV
isotherm curves with H1-type hysteresis loops at low relative
pressure, characteristic of mesoporous materials according to the
IUPAC classification, which is related to the capillary conden-
sation of N2 within the pores.
58,59 A sharp adsorption step in the
P/P0 region of 0.3–0.4 from the two branches of adsorption–
desorption isotherm curves suggests that all samples possess
a well-defined array of regular mesopores.5124 | J. Mater. Chem., 2012, 22, 5121–5127Photophysical studies were carried out on all the
Ln(dbm)3bpd-PMO (Ln ¼ Er, Yb, Nd) materials in the solid
state. The NIR emitters Nd3+, Yb3+, and Er3+ ions are of special
interest in photonics, being used as laser-active dopants in
a variety of host materials, including both crystals and
glasses.60–62 The Er3+ ion is of interest for use as a planar-wave-
guide optical amplifier, as it emits at 1.5 mm, one of the standard
telecommunication wavelengths.19,63 The excitation and emission
spectra of Er(dbm)3bpd-PMO were obtained and are shown in
Fig. 4. For the excitation spectrum, by monitoring the emission
wavelength of Er3+ ion at 1533 nm, a broad band extending up to
440 nm can be observed, which is ascribed to the p–p* electron
transition of the dbm and bpd ligands. The broad band extends
to the visible range, which enables photoexcitation of
Er(dbm)3bpd-PMO by visible source. Upon excitation of the
ligands’ absorption band at 401 nm, the emission band covers
a large spectral range extending from 1425 to 1650 nm centered
at 1533 nm, which is attributed to the transition from the first
excited state (4I13/2) to the ground state (
4I15/2) of the Er
3+ ion.
The transition is in the right position for the thirdThis journal is ª The Royal Society of Chemistry 2012
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View Article Onlinetelecommunication window and is currently employed in the
telecommunication area because of the low attenuation of this
energy by silica-based fiber optics. Therefore, the Er-doped
hybrid materials with 1.5 mm emission of Er3+ ions have attracted
considerable attention.64 The full width at half maximum
(FWHM) of the Er-doped hybrid material is an important
parameter for potential application in the telecommunication
area, due to the urgent demand for optical amplifiers with a wide
and flat gain spectrum in the telecommunication window because
of the rapid increase of information capacity recently. However,
the Er-doped inorganic materials commonly show relatively
narrow FWHM, so organic compounds containing the Er3+ ion,
endowed with the nature of broadband emission at 1.5 mm have
been intensively studied.65,66 The Er(dbm)3bpd-PMO here has
a relative broad band and the FWHM of the 4I13/2 /
4I15/2
transition is 70 nm. Such a relative broad spectrum may enable
a wide gain bandwidth for optical amplification.44,67
Fig. 5 shows the excitation and emission spectra of
Nd(dbm)3bpd-PMO. The excitation spectrum was obtained by
monitoring the strongest emission of the Nd3+ ion at 1062 nm,
which also extends to the visible region. After ligand-mediated
excitation with visible light at 401 nm, the emission spectrum
exhibited three bands: 906 nm (4F3/2 /
4I9/2), 1062 nm
(4F3/2/
4I11/2), and 1335 nm (
4F3/2/
4I13/2), respectively, with
the band centered at 1062 nm being the strongest intensity.53 The
Nd3+ ion is an interesting ion since its main fluorescence line at
1.06 mm is the well known transition used in Nd:YAG (Yttrium
Aluminum Garnet) lasers and which can be doubled to yield
green emission at 532 nm, tripled to produce blue light, or
quadrupled to generate UV emission at 266 nm.2 Besides the
application within laser systems, the Nd-containing materials
also have potential application in optical amplification, because
the Nd (4F3/2/
4I11/2) transition at around 1.3 mm falls within
the range of another telecommunication window. But this one
has not yet been fully exploited, contrary to the 1.54 mm one.68
Following the photoexcitation with visible light at 401 nm,
the characteristic Yb3+ ion NIR emission, a band in the range
of 915–1130 nm with the strongest peak at 980 nm, was obtained
for Yb(dbm)3bpd-PMO (see Fig. 6). This can be assigned as theFig. 5 Normalized excitation (lem ¼ 1062 nm) and emission spectra
(lexc ¼ 401 nm) of Nd(dbm)3bpd-PMO in solid at room temperature.
This journal is ª The Royal Society of Chemistry 20122F5/2 /
2F7/2 transition of the Yb
3+ ion.69,70 It should also be
noted that the Yb3+ ion emission band is not a single sharp band
but a shoulder peak arising at long wavelength than the primary
980 nm peak. Similar splitting has been reported previously, and
this may be due to the splitting of the energy levels of the Yb3+ ion
as a consequence of ligand field effects.53,71 In the field of the laser
materials, materials with the Yb3+ ion attract much attention due
to the 2F5/2/
2F7/2 transition of the Yb
3+ ion, for its very simple
energy levels and relatively broad absorption which will be well-
suitable for laser diode and pumping in this range, and the
smaller Stokes shift between absorption and emission reduces the
thermal loading of the material during laser operation.72
Furthermore, the Yb3+ ion is less sensitive to non-radiative de-
activations in view of the large energy gap between the emitting
(2F5/2) and ground (
2F7/2) levels, which is capturing much atten-
tion with respect to bio-applications.73,74
NIR-emitting lanthanide ions are very sensitive to radiation-
less de-activation through vibrations, even when embedded into
inorganic matrices. As described above, the characteristic NIR-
emission of the Ln3+ ion was obtained in the corresponding
Ln(dbm)3bpd-PMO (Ln ¼ Er, Nd, Yb) materials by exciting the
visible-light absorption of the organic ligands, respectively. The
observed NIR emissions do arise by sensitizing the lanthanide
ions from the organic ligands moiety, because no absorption of
the lanthanide ions occurs at the corresponding excitation
wavelengths. This suggests that the Ln3+ ions are excited via
p–p* transitions of the antenna ligands, which is in agreement
with our previous photoluminescent studies on related lantha-
nide b-diketone complex-functionalized hybrid materials.19,43,69
It shows that the combination of the main ligand dbm and the
second ligand bpd-Si sensitizes the Ln3+ ions well and the ligands
transfer their absorbed visible energy to the excited states of the
lanthanide ions, which then relaxes through emission in the NIR
region.75,76 Thus, it is obvious that the intramolecular energy
transfer does happen between the organic ligands and the
lanthanide ions.53 Therefore, it is reasonable to conclude that the
lanthanide complexes Ln(dbm)3bpd are synthesized and cova-
lently linked to the PMO network in the Ln(dbm)3bpd-PMO
materials (Scheme 1).Fig. 6 Normalized excitation (lem ¼ 980 nm) and emission spectra
(lexc ¼ 401 nm) of Yb(dbm)3bpd-PMO in solid at room temperature.
J. Mater. Chem., 2012, 22, 5121–5127 | 5125
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View Article OnlineThe luminescence lifetimes of Ln(dbm)3bpd-PMO materials
(Ln ¼ Er, Nd, Yb) were measured by using the monitored
wavelength around the strongest emission line of the corre-
sponding Ln3+ ions (see Fig. S3–S5†). They are all fitted by
a double-exponential function, which suggests that there are two
different luminescent Ln3+ ion centers in the Ln(dbm)3bpd-PMO
materials and the luminescent Ln3+ centers for lanthanide
complexes are in two kinds of environments.77 This accords with
the structure of the PMOs well, that is to say, some lanthanide
complexes are in the pore wall framework and the others are
outside the pore wall framework (Scheme 1). The lifetimes of
them were calculated as average lifetimes. The corresponding
lifetimes of the 4I13/2/
4I15/2 transition of Er(dbm)3bpd-PMO,
4F3/2/
4I11/2 transition of Nd(dbm)3bpd-PMO, and
2F5/2/
2F7/
2 transition of Yb(dbm)3bpd-PMO materials are 2.37 ms,
0.095 ms, and 5.97 ms, respectively.
4. Conclusions
Three new Ln(dbm)3bpd-PMO materials were prepared based
on the bpd-PMO material acting as the supporter and
Ln(dbm)3(H2O)2 complexes being introduced into the frame-
work of the PMOs via a ligand exchange reaction. In the
Ln(dbm)3bpd-PMO, the mesostructure was preserved, and the
combination of the dbm ligand and the double-function ligand,
bpd-Si, can sensitize the Ln3+ ions well. Upon excitation with
visible light, the Ln(dbm)3bpd-PMO materials show the char-
acteristic NIR-luminescence of the corresponding Ln3+ ion.
Materials excited with visible light are advantageous over
ultraviolet-excitable materials because: (1) the long-wave exci-
tation strongly reduces the background fluorescence, and (2) the
visible excitation is less prone to the interferences by inner filter
effects due to the absorption of light, etc. The good NIR-lumi-
nescence properties of the PMOs with the visible-light excitation
would give the potential applications of the PMO matrix to the
NIR luminescent field.
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